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ABSTRACT

Shear bands, intense bands of localized deformation, are a primary

source of defective forgings and their occurrence is a significant factor

limiting the precision attainable by forging. The occurrgn;é and effects of

shear bands are not well understood.

There is no test for predicting their

occurrence and, therefore, they are averted by the inefficient and costly use

of oversize forgings and in-process die reworking. The overall objective of

this program 1s to document the occurrence of shear bands in forged products

produced under well defined conditions, develop analytical techniques for

their prediction, and evaluate their effects on structural performance—The

proposed approach is based on characterizing the deformation behavior of
titanium alloy, Ti1-6242, of interest to the Air Force; employing the results

of the characterization as input for a mathematical model of the deformation \.

process to predict shear band formation; and evaluating the effects of shear
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bands on structural-test performance.
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Lateral sidepressing of Ti-6A1-2Sn-4Zr-2Mo-0.1 Si (Ti-6242)
cylinders was used to determine the strain rate and temperature regimes in
which shear bands may develop during isothermal, hot forging. From these
observations, workability maps, denoting process conditions which lead to
shear bands were developed. A simple instability model based on these data
and observations of shear localization in torsion tests was used in conjunction
with measured material data to interpret the results. This model established
the important influence of the flow localization parameter a (ratio of the
work softening rate to the strain-rate sensitivity parameter) on the tendency

to form shear bands. More in-depth analysis, making use of an advanced

12

computer code, confirmed the applicability of the simple instability model
and established the capability of describing the detailed process by which
shear bands initiate as well as propagate.

Uniaxial compression of cylinders, lateral sidepressing of cylinders,
and forging of an airfoil shape were employed to document the occurrence of
shear bands in non-isothermal (conventional), hot forging of Ti-6242. Run
in mechanical and hydraulic presses, these forging operations established
working speed as the most important process variable affecting the die
chilling which controls the development of shear bands non-isothermally.
Even though shear bands occurred at both mechanical as well as hydraulic
press speeds, the deformation at the low hydraulic press speed was so
severe as to lead to fracturing along the shear bands. Other process
variables such as lubrication, dwell time, preheat temperature, and die
temperature were also found to have some influence on heat transfer and
die chilling and, hence, on the severity of flow localization. A simple
analysis was used to rationalize these observations and offer direction
for more detailed process simulation of non-isothermal forging.

Lastly, the effect of shear bands in forged products of Ti-6242
on service properties was determined. Characterization of tensile, fatigue,
and creep properties on forgings containing shear bands was done at 510 C
(950 F), the maximum operating temperature of Ti-6242 forgings in jet
engines. From these tests, it was found that the effect of the shear bands
was small. In the vast majority of the characterization tests, fracture
initiation and fracture propagation sites lay in the homogeneously deformed

bulk of the forging and not at the shear bands. The small effects of shear
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bands on properties that were observed, however, were ascribed to
either the generally higher hardness of the shear bands as compared to
the homogeneously-deformed bulk of the forgings (temsile properties) or

enhanced diffusion along shear bands (creep properties).

SUMMARY OF RESULTS AND THEIR SIGNIFICANCE

This program was performed over a three-year period. The objectives
of the first year's work were to characterize the program alloy, develop and
validate deformation-heat transfer models, and establish instability criteria.
These objectives were pursued under the following tasks:
Task 1. Materials Characterization
Task 2. Determination of Fracture Strains and Fracture
Mode in Uniaxial Tension

Task 3. Deformation Heating and Heat Transfer Tests

Task 4. Simple Shear Deformation Trials (and Preliminary
Shear Band Observations)

Task 5. Modeling of Heat Transfer and Deformation.

During the second year, the objective was to apply the deformation-
heat transfer analysis and instability criteria to actual forging situations
in order to predict the occurrence of shear bands. This work was conducted
under the following tasks:

Task 1. Shear Bands in Isothermally-Forged Ti~6242

Task 2. Shear Bands in Non-Isothermally-Forged Ti-6242

Task 3. Shear Bands in a Complex Forging

Task 4. Analysis and Modeling.

The objective of the third year's program was to establish the
effect of shear bands on service properties in forged products of Ti-6242.
This objective was met by the following tasks:

Task 1. Generation of Shear Bands under Controlled

Conditions

Task 2. Effect of Heat Treatment on Microstructures

of Forged Samples With and Without Shear
Bands
Task 3. Evaluation of Tensile Properties

{ “fﬂu .
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Task 4. Evaluation of Creep Properties

Task 5. Evaluation of Fatigue Properties.

The results of the first two years of the program have been presented
and discussed in detail in the first two yearly reports and several published
papers. However, for completeness, they will be summarized under the major
headings of (A) Materials Characterization, (B) Instability Criterion,

(C) Shear Band Occurrence and Prediction in Isothermal Forging, and (D) Shear
Band Occurrence and Prediction in Non-Isothermal Forging. Following this, the
third year's results will be discussed under the general heading of The

Effect of Shear Bands on Service Properties.

Materials Characterization

Materials Selection

After consultation with personnel at the Air Force Materials
Laboratory (A. M. Adair, H. Gegel) and AFOSR, the titanium alloy Ti-6242
(Ti-6A1-2Sn-4Zr-2Mo-0.1 Si) was selected as the program alloy. This alloy is
similar to Ti-64 (Ti-6Al1-4V) but has a slightly higher operating temperature

and is expected to be used increasingly in jet engines in coming years. Shear

‘ bands are common in o+B titanium alloys such as Ti-6242 and Ti-64. The Ti-6242

was supplied by Wyman-Cordon Company of North Grafton, Massachusetts, and met
the AMS specification for forging bar stock. The material had been forged

at 954 C (1750 F) and heat treated at 968 C (1775 F) yielding a microstruc-~ .
ture of equiaxed o« in a transformed B matrix, hereafter referred to as the

a+B microstructure (Figure 1). Some of this material was heat treated at

1010 Cc (1850 F) for 30 minutes and air cooled to produce a transformed,

acicular basketweave microstructure, hereafter referred to as the £ micro-

structure (Figure 1). The B transus had been specified as 988 C (1810 F).

Compression Tests

Isothermal compression testing was used to characterize the stress-
strain behavior of the program alloy. Compression testing was selected to

provide stress-strain data at large strains for deformation analyses and
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FIGURE 1. (a) a+8 and (b) B Microstructures of Ti-6242
Program Alloy (500X)
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because computer programs and verified amnalytical techniques exist at Battelle
for accurate interpretation of the results. A test fixture with superalloy
tooling was constructed with Battelle funds to run the hot, isothermal com-
pression tests on an MTS machine (Figure 2). All testing was performed with
test specimens precoated with glasses to provide lubrication and protection
from the atmosphere. Specimens of both microstructures (a+8 and B) were tested
at constant true strain rates of 0.001, 0.1, 1.0, and 10.0 sec. 1, The o+B
microstructure was tested at 816, 871, 913, 954, and 1010 C (1500, 1600, 1675,
1750, and 1850 F). The B microstructure was characterized only at the first
four of these temperatures since at 1010 C (1850 F), both microstructures
revert to the single-phase bcc microstructure.

The compression data exhibited a marked difference in basic be-
havior between a+8 and B microstructure material. The a+f load-stroke curves
increased monotonically, whereas the 8 load-stroke curves were generally
decreasing or constant with respect to stroke. Due to the non~increasing
nature of the B load-stroke curves, compression specimens of this structure
tended to deform non-uniformily, an observation similar to that made in
mechanical-press-compression tests on this alloy for the disk program(l).

The difference in load~stroke curves for the two microstructures carried
over to the stress-strain curves. The B stress-strain curves generally

(2)

showed much larger degrees of flow softening than the ot+R stress-strain
curves, an effect which was later found to be very important in the develop-
ment of shear bands, particularly in isothermal forging.

Modeling of the deformation processes under investigation required
knowledge of the flow stress as a function of strain, strain rate, and
temperature. For this reason, the stress-strain data at a given strain rate
were cross~plotted in terms of stress versus temperature at given levels of
strain. Because of deformation heating, however, flow stress values at the
higher strain levels for a test at a given nominal test temperature are
actually representative of the deformation resistance at somewhat higher
temperatures, The temperature rises were calculated assuming 95 percent of
the deformation work (area under the stress-strain curve) was converted into
heat. Sample stress-temperature data corrected for adiabatic heating are

shown in Figure 3. It is seen that data for the o+B microstructure fall

e




FIGURE 2,

B30
%
A

i

|

K

I T Ne——0
RO -
N \\ 4 b
A
S L
z —
O,
®
\\ \’
ST
| *
'}@
// 1//
\ ’1. — N,
R
===
Q" 'l
!

Hot-Isothermal Compression Test Fixture. (1 = superalloy compression
die, 2 = guperalloy die retainer ring, 3 = superalloy die support, 4 =
stainless steel support ret uiner ring 5 = ceramic insulator, 6 = stain-
less steel compression too’ =~ base . = resistance furnace, 8 = two-
post die set.)

2]




FIGURE 3.
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on the same trend line except for low temperature-high strain rate combinations.
The major conclusion is that a truly isothermal high strain rate hot compression
test for this structure would yield a steady state flow stress dependent only

on temperature and strain rate, but not strain except at low temperatures and
high strain rates where there is still a non-neglibible amount of initial

work hardening in the flow curves. The trend lines for the o+B structure

were used in modeling the deformation and unstable flow behavior to be discussed
subsequently.

Sample temperature-corrected data for the B structure are also shown
in Figure 3. Whereas adiabatic heating was found to be the major source of the
observed flow softening for the a+f structure, the "corrected" data for the B
structure demonstrated that an additional source of softening exists for the
Widmanstatten structure. It is believed that changes in the morphology of the
Widmanstatten colonies and a reduction of dislocation density from a high non-
equilibrium value in the as-B annealed condition are the source of the additional
softening which has also been observed in other HCP metals(3). Because a
technique for quantitatively estimating the level of softening could not be
found, modeling of the deformation and unstable flow behavior of B structure
was done using sets of trend curves such as those in Figure 3.

The flow stress data in compression were used in obtaining strain
rate sensitivity exponents (m in 0 = Kém). The values determined were applied

in deformation analyses to be discussed subsequently.

Tensile Tests and

Thermal Property Characterization

Tensile tests were also run at 816, 913, and 982 C (1500, 1675, and
1800 F) to obtain flow stress data to support the compression flow stress data,
which were used in the deformation analyses. These tests were also run in an
MTS (at nominal strain rates of 1.5 and 15 per second), and the flow stress
data so obtained showed good agreement with the compression flow stress data.

The program materials were also characterized from the standpoint of
their thermal properties. To do this, specific heat values were estimated from
the published literature and tests, performed under this program, in which the

temperature rises caused by deformation heating were actually measured. In
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addition, "'static" heat transfer experiments in which a hot Ti-6242 sample was
Placed in contact with room temperature IN-100 dies were performed to obtain
values of thermal diffusivity. The thermal properties so obtained were used

in the analysis stages of this research program.

Instability Criterion

Torsion Tests

Constant rotation rate torsion tests were run to develop an in-
stability criterion and to establish the occurrence of shear bands in the program
alloy under conditions of nominally isothermal, pure shear. To this end, an
MTS machine was modified (Figure 4). It was fitted with a hydraulic motor to
which was attached an incremental optical encoder which provided closed loop
feedback for rotation rate control. In addition, tensile or compressive axial
loads could be provided through a linear actuator to counterbalance axial loads
which are sometimes produced during torsion as well as to separate specimen
halves after fracture. Tubular specimens were induction heated to test tempera~
tures between 816 C (1500 F) and 1010 C (1850 F) and held between specially
designed water-cooled grips which allowed rotation.

Similar to the compression results, torsion results showed a marked
difference for a+8 and B microstructures (Figures 5 and 6). The torque-twist
curves for B specimens tended to drop off more rapidly than the a+8 torque-
twist curves. Moreover, the uniformity of deformation as evidenced by scribe
line measurements was much greater for o+8 gpecimens. Shear bands in torsion
were indicated by regions in which the angle between the twisting axis and the
scribe line were much greater than elsewhere. Such regions were not observed
for o+B8 specimens. On the other hand, they were quite prevalent for B speci-
mens, which show marked flow softening in isothermal compression tests. For
the B specimens, the scribe line angle ¢ outside the shear band was measured
to obtain an estimate of the strain £, at the onset of the shear localization
through the formula Ei = y//§_ = f;%g . Measurements of these strains showed

that B torsion specimens went unstable at very small strains [0(0.10)}. These

strains are of the same order as the strains at the peaks in the B stress-strain

1
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FIGURE 4.
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curves from compression tests. Furthermore, the onset of instability and the
development of flow localization in B torsion tests was used to explain why
deformation-heat-transfer-analysis predictions were in good agreement with

a+8 torque-twist curves (Figure 5), but not B torque-twist curves (Figure 6).

Instability/Flow Localization Criterion

In analogy with the tensile instability criterion,(4)

it was thought
that a necessary condition for torsional instability was a torque maximum, or
dM = 0. Inspection of the data from the torsion tests revealed that the torque~
twist curves of both microstructures and at all temperatures and strain rates
used passed through maxima early in the deformation. Hence, additional analysis

was needed to explain why only certain of the specimens exhibited true in-

stability and flow localization. This ana]ysis(s) demonstrated that after the
torque maximum the rate of twist (or flow) localization, llé(%%) , 1s directly

M %Me-) , where M = torque,

6 = twist, 6 = twist rate, and inversely proportional to the strain rate

proportional to the "torque softening’” rate (= 1

sensitivity.

Parametric studies were done to compare the tendency of the a+8
and B microstructures to undergo localized flow in torsion. Using the deformation-
heat transfer model, constant twisting rate torsion was simulated on the computer,
and torque-twist curves for uniform, stable deformation were generated from
hot compression data. Examples of the results for torsion at 913 C (1675 F)
are shown in Figure 7. It is obvious from such plots that the B microstructure
shows much more "torque softening” than the a+8 microstructure. This is reasonable
in view of the flow softening trend in hot compression. It is believed that this
explains why the B microstructure showed flow localization in torsion at the
strain rates and temperatures studied, and the a+f structure did not. The
analysis also shows that the localization tendency for the B microstructure is
greatest at low strains, which was supported by observation. Lastly, the analysis
established the level of the rates of softening which were needed to cause
noticeable flow localization (i.e., shear bands) under nominally isothermal hot
working conditions. These levels were identical to those found necessary to
activate shear bands in isothermal forging, results for which are to be dis-

cussed next.
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Shear Band Occurrence and Prediction in Isothermal Forging

Shear Band Occurrence

The objective of this phase of the program was to establish the inter-
relation of mechanics and material behavior on shear band development where
temperature gradients are minimal. The objective was achieved by comparing
analytical predictions with measurements to establish the effects of strain,
strain rate, and temperature on the formation of shear bands in isothermally
forged Ti-6242., Isothermal sidepressing was selected as the forging operation
because it involves a flow field which appears highly susceptible to shear
band formation. Cylindrical specimens measuring 0.71 cm. (0.280 in.) diameter
x 2.54 cm. (1.00 in.) long were deformed in an MTS machine at constant cross-
head speeds of 0.08, 9.14, and 63.5 mm/sec. (0.0032, 0.36, and 2.5 in./sec.)
at temperatures of 843, 913, and 982 C (1550, 1675, and 1800 F). Using the
hot, isothermal compression fixture constructed during the first year's pro-
gram (Figure 2), the specimens were compressed to various levels of deformation
to detect shear band initiation.

For ot+f microstructure sidepressings, shear bands were observed
only for the highest deformation rate at the 843 C (1550F) test temperature.
In contrast, shear bands in the B microstructure, were observed for all
three deformation rates at temperatures of 843 and 913 C (1550 and 1675 F)
and for the two higher deformation rates at the test temperature of 982 C
(1800 ¥F). In all cases, the shear bands began as regions of intense de-
formation in the form of X's, the legs of which rotated away from the primary
compression axis with increasing deformation. With further deformation, the
intersecting shear straining led to the formation of "flat" regions of intense
deformation at the center of the specimens, which eventually bowed toward
one of the die surfaces with further deformation. Examples of this process
for the B microstructure are shown in Figure 8, and a schematic of the overall
process is given in Figure 9. A geometric construction was used to obtain an

(6)

idea of the deformation level at shear band initiation, and it was found
that these strains were between 0.3 and 0.5, which corresponded to height
reductions (relative to the initial diameter of the sidepressed cylinders)

of between 25 and 35 percent.
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(a)
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FIGURE 8.
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Transverse Metallographic Sections of R Microstructure
Specimens Isothermally Sidepressed at 843 C (1550 F)
Using a Crosshead Speed of (a), (b) 0.08 mm/Sec.
(0.0032 InJsec.) and (c), (d), (e) 63.5 mm/Sec. (2.5
In./Sec.). Reductions are (a) 40%, (b) 59%, (c) 20%,
(d) 40%, and (e) 75% (5X)
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Shear Band Occurrence

Predictions/Workability Maps

The occurrence of shear bands in isothermal forging is strongly
dependent on factors such as material properties, geometry, and friction.
In all tests, friction was minimal and test geometry was identical. Hence,
it is not surprising that the shear bands that were observed followed similar
directions in all cases. In fact, these directions are identical to those

)

predicted by slip line field theory. The effect of material properties

on the tendency to form flow localizations during isothermal forging has
(6)

been discussed in a paper based on work from this program. Using an
instability criterion, it was shown that the tendency to form flow localizations
along directions of maximum shear stress depends on a, the ratio of the non-
dimensional work softening rate to the strain-rate-sensitivity parameter.

(8)

Jonas, et al., suggest that materials with o parameters of 5
or greater are particularly susceptible to perisitent flow localizations.
The observations for Ti-6242 supported this hypothesis. The o parameters
for this material were calculated from flow curves (not corrected for defor-
mation heating) and strain-rate sensitiviti®es measured at varicus temperatures
and strain rates. From these calculations, temperature and strain-rate regimes
in which o was equal to or greater than 5 for at least one strain level were
determined. This procedrue formed the basis for the development of work-
ability diagrams for the two Ti-6242 microstructures (Figure 10). Analogous
to workability diagrams for other kinds of defects found in hot working, these
diagrams delineate temperature and strain-rate domains in which shear bands
would not be expected (the "SAFE" domains) and domains in which they should
be expected ("FAIL" domains). For the most part, the shear band observations
supported the theoretical predictions of the workability diagrams (Figure 10).
The major discrepancies occurred in observations taken near the bourdaries
between the SAFE and FAIL regions and may have been due to the use of ao
equal to 5 rather than some other value. On the other hand, however, the degree
of localization did indeed vary with temperature and strain rate for the 8
microstructure in the manner suggested by the magnitude of the flow locali-
zation parameters.

Application of the o~parameter concept to predict shear band initia-
tion strains was unsuccessful. In contrast, process simulation, using an
advanced computer code, worked quite well.

4
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Shear Band Simulation

Advanced finite element models were applied to simulate the de-
formation in isothermal sidepressing and thus validate an analytical method
for prediction of shear bands in arbitrary forging situations. The general

purpose program ALPID developed by Oh(g)

was employed for this purpose, and
it gave extensive insight into the behavior of metals during isothermal
forging.

Isothermal Sidepressing Simulations at 913 € (1675 F). Isothermal

sidepressing of specimens of both microstructures was simulated at 913 C

(1675 F) and crosshead speeds of 9.14 and 63.5 mm/sec. (0.36 and 2.5 in./sec.)
using the program ALPID. From the experimental observations, it was known
that these conditions would provide variations in deformation uniformity.

The o+8 specimens had been found to deform uniformly and the B specimens
developed shear bands under these test conditions. Predicted and measured
load~stroke curves from all of the simulations agreed well. The excellent
correlation suggested that the simulation of the process was accurate.

Insight into the detailed applicability of the simulation was obtained
from looking at predicted grid distortions and strain rate fields. Predicted
grid distortions in specimens with o+8 microstructure deformed at 913 C (1675 F)
were not severe even at large reductions, suggesting that the deformation was
fairly uniform. This was consistent with the experimental observation.
Further, the strain rate contours did not show large gradients across the cross
section [Figure 11 for crosshead speed of 9.14 mm/sec. (0.36 in./sec.)]*.

In contrast, the grid distortions in B specimens were considerably
non-uniform across the cross section. In addition, the strain rate contours
(for example, those in Figure 11) indicated large gradients and the possibility
of flow localization along the lines of velocity discontinuity in slip line
fields. For the 9.14 mm/sec. crosshead speed, the high strain rate region
begins to rotate away from the ordinate at a reduction between 20 and 30
percent (in good agreement with the reduction at which shear bands were observed

to initiate experimentally). After 50 percent reduction in height, the

* Because of symmetry considerations, it was only necessary to analyze one-
fourth of the cylinder deformation in sidepressing. Hence, deformation and
strain rate fields are shown for only the upper right-hand quadrant of
the cylinder croas section.

- ver e e - —— -
S~ et s = =~ - N
) l : .

R — N

24




h/2 (mm)

Reduction
in Height

10%,

20%

30%

-

40%

50%

w/2 (mm)

ALPHA + BETA

FIGURE 11.

22

h/2 (mm)

Reduction
in Height

10%

20%

30%

40%

S50%

w/2 (mm)

BETA

Predicted Strain-Rate Contour Plots for Isothermally Sidepressed
T1-6242 with a+8 and B Microstructures. Specimen Temperature -

913 C (1675 F), Crosshead Speed - 9.14 mm/sec. (0.36 in./sec.)

U,




23

predicted deformation pattern became so non-uniform, especially near the
center of the specimen, that further computer simulation was not possible
without remeshing. At this stage, the predicted strain rate concentration in
the B microstructure was twice as high as that in the o+B8 microstructure.
This concentration of strain rate was considered to represent flow localiza-
tion and formation of shear bands in B material.

Parametric Study of Isothermal Sidepressing. In order to obtain

an in-depth idea of the capabilities of the computer code, sidepressing
simulations were run from a parametric viewpoint using a wide range of hypo-
thetical material properties typical of hot-forged metals. Most flow stress
data in the hot-working regime lie between two extremes (Figure 12). One

of these is a flow curve which shows an initial work-hardening interval
followed by a flow-stress plateau (Curve A, Figure 12). This curve is typical
of much of the o+B microstructure data. The other extreme is a curve, showing
little or no initial work-hardening followed by a large amount of flow
softening (Curve B, Figure 12), which is typical of much of the B micro-
structure flow stress data. Strain-rate sensitivity parameters m were set

at 0.0, 0.125, or 0.30 in the simulation. With these properties,

af= ~ (% g%lé)/m] for the hypothetical materials ranged between 0 and =,

suggesting a wide range of tendencies to form shear bands. In all cases,

an arbitrary crosshead speed of 9,14 mm/sec. (0.36 in./sec.) was selected.

The crosshead speed was not important because (1) the flow curves had pre-
selected ranges of rate sensitivity m, and (2) the effects of speed and heat
transfer on flow properties are implicitly included in the flow curves measured
(or postulated) at the constant strain rates in nominally-isothermal-compression
tests.

Shown in Figure 13, predicted grid distortions for five different
cases show a strong influence of the material properties. For instance, the
two cases for which o is less than 5 (Case I, a = 0 and Case II, a = 4.2)
exhibit relatively uniform deformation at reductions of 25, 37.5, and 47.5
percent. The simulation of these two cases was taken to 75 percent reduction,
with only minor non-uniformities appearing in the second case at reductions
greater than 40 percent. For Case 1I1 (o undefined), Case IV (a = 10), and

Case V (a = =), grid distortions are increasingly non-uniform with increasing
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a at a given reduction, on the one hand, and with increasing reduction for a

given a on the other. For Cases IV and V, deformation became so non-uniform

after approximately 50 percent reduction that continuation of the simulation

was impossible. The grid distortions in Figure 13 also pinpoint the regions

of higher-than-average deformation. These may be noted by looking at changes
in the angles between intersecting grid lines from which it is observed that

deformation is indeed predicted to localize along the directions observed

in metallographic sections (Figure 8).

Predicted effective-strain-rate contours (Figure 14) exhibit a trend
similar to that for the grid distortions. Strain-rate concentrations increase
with increasing a. Modest ones are seen in Cases II and III and strong ones
in Cases IV and V. 1In addition, localizations observed in Cases IV and V
occur along lines which rotate toward the abscissa with increasing reduction.
For these two cases (and for the others as well), regions of highest strain
rate lay at 45 degrees to the ordinate at a reduction of 25 percent. Rotation
of these regions occurs at higher reductions. Hence, the initiation event
(marked by the reduction at which the angle between intersecting flow localiza-
tions deviates from 90 degrees) has been predicted to occur at reductions
greater than 25 percent. Another interesting observation is the tendency of
the flow localizations to form "flats" near the center of the specimen, much
like those actually observed. This can be seen by comparing the 47.5 per-
cent reduction patterns for Cases IV and V to observations in Figure 8. A
related phenomenon is seen in Case III, in which the strain-rate localiza-
tion even moves away from the center. These and other phenomena are highly h
suggestive of the block shearing required for shear band occurrence. Velocity
maps for these cases further confirm and illustrate the physical situation

involved in shear band formation and persistence.

Comparison of o Parameter and
Simulation Predictions

The simulation results for the wide range of material properties
just discussed allow a more complete evaluation of the accuracy of the a-
parameter method of predicting shear bands in isothermal forging. As shown
by simulation, intense shear bands should definitely be expected when a is -
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10 or greater. Furthermore, modest localizations may be expected for a's
between 4 and 10. Thus, the use of @ = 5 as a critical value for shear band
occurrence is a useful rule of thumb to obtain a first-order idea of when
intense shear bands may be expected. However, it must be kept in mind that
it is only approximately valid and that at best it indicates the degree of
tendency toward localization, and not the occurrence per se.

Another feature illustrated by the process simulation results is
the fact that flow localization is a process and not an event. Strain and
strain rate concentrations do not occur instantaneously. For this reason,
flow localization cannot be expected to occur when a first reaches some
critical value (such as 5) at some point in the flow field. Application of
this premise for Cases IV and V, for example, would require flow localization
to be noticed at the reduction at which some material element has undergone
an effective strain of ¢ = 0.05, which, because of inhomogeneous deformation,
should occur at a reduction less than that corresponding to an effective
thickness strain of 0.05. Simulation shows though that localizations are
first developed at a reduction between 25 and 37.5 percent, which corresponds
approximately to effective thickness strains between 0.33 and 0.54 which is

in good agreement with observations.

Shear Band Occurrence and Prediction in Non-Isothermal Forging

Results

The generation of shear bands in non-isothermally forged Ti-6242
was documented with the objective of establishing the effects of die chilling
on shear band development. This task was an extension of the work on iso-
thermal forging to include heat transfer effects. To this end, 1.02 cm
(0.4 in.) diameter, 1.52 cm (0.6 in.) high cylinders of o+8 and R micro-
structures were upset in a mechanical press (¢ = 10 sec.'l) between dies
heated to 204 C (400 F). The cylinders were themselves preheated to tempera-
tures of 913 C (1675 F) or 954 C (1750 F). This work offered insight in
the development of shear bands in axisymmetric conventional forging operations.
To gain insight into shear band development in plane-strain conventional
forging operations, 1.02 cm (0.4 in.) diameter, 10.16 cm (4.0 in.) long
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cylindrical preforms of both microstructures were non-isothermally side-
pressed in either a mechanical press (é = 20 sec.-l) or a hydraulic press
[é =0 (1 sec._l)]. Specimens (both lubricated and unlubricated) were pre-
heated to either 913 or 982 C (1675 or 1800 F). They were then forged on
dies preheated to either 191 or 343 C (375 or 650 F) after dwell times of O
or 10 secs. (mechanical press) or 4 or 14 secs. (hydraulic press).

In non~isothermal compression, it was found that early deformation
is characterized by the formation of "chill caps". This chilling leads to
working loads which are somewhat to much higher than those for isothermal
deformation (Figure 15), depending in particular on the amount of chilling and
the materials' flow stress dependence on temperature. After the formation of
chill caps, a band of localized shear passing through the corners of the
specimen develops between the caps and the less highly deformed metal in the
rest of the specimen (Figure 16). Metal then begins to "flow" along the shear
bands. In particular, the specimen edges fold by shearing along the region
of localized deformation, a phenomenon which is very common in cold compres-
sion tests with poor lubrication(lo). These observations are helpful in the
understanding of shear band formation in more complex hot forging situations.
However, it should be noted that the shear bands in non-isothermal compression
do not always pass totally through the thickness of the sample. Hence, so-
called block shearing does not occur unless a drastic change in deformation
mode from axisymmetry to plane strain can be accomplished. This explains
why shear localizations are usually more severe in plane-strain modes of
deformation as compared to axisymmetric ones. As an aside, it has been noted
that when severe shear bands and deformation mode changes do occur in nom-
inally axisymmetric deformation, fracture usually ensues.(ll)

Load-stroke curves (Figure 17) and deformation features observed
metallographically were similar for the two microstructures when they were
non-isothermally sidepressed under identical conditions of working speed,
preheat temperature, dwell time, lubrication, and reduction. From metal-
lography, it was seen that shear bands initiated and developed according to
the same scheme noted in isothermal sidepressing (Figure 9), indicating the
important influence of geometry on development of the defects. They occurred
in almost all non-isothermal trials with the severity of localization de-
pending on heat transfer and die chilling (the levels of which are determined
by processing conditions).
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For forging in the mechanical press, the degree of localization
increased with increasing reductions, lower preheat temperatures, longer dwell
times, poorer lubrication, and lower die temperatures, with the first three
variables exerting much more of an influence than the last two (Figure 18).
Shear band observations from mechanical press forging were similar when bars
were sidepressed in blade forging dies (Figure 19). Comparison of these
observations with those from the hydraulic press established working speed
(through its effect on contact time and heat transfer) as the most important
process variable, over the evaluated ranges of speed and dwell time investi-
gated. Not only were the shear bands more intense, they were also the source
of many fractures during metalworking in the hydraulic press (Figure 20).
Fractures typically occurred at reductions between 30 and 50 percent. This
contrasts to results from the mechanical press in which no fractures were

observed even at reductions as high as 80 percent.

Discussion of Results

The formation of flow localizations in the form of shear bands in
non~isothermal compression and sidepressing is also a manifestation of an
instability phenomenon depending on a maximum in stress o [(= o(e,E,T)] at
some point or points in the flow field. It was found that the development
of strain-rate gradients (dé/dx) in the flow field depends on (i) the thermal-

softening characteristics (1/o %% E,e) and strain-rate sensitivity (m) of
the material and (ii) the imposed thermal gradients (%%) in the workpiece.
This dependence was found to be:
.. 13
defe .. (@A e9) gpjax . (1)

Since the materials terms in this expression are similar for the a+f and B8
microstructures and dT/dx is similar when forging parameters are identical,
it is seen that the flow localization tendencies for the two microstructures
should be similar. Observation bore this out.

Attempts to simulate the formation of shear bands in non-isothermal
forging were made using a modification of the ALPID finite-element program,
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FIGURE 18. Transverse Metallographic Sections of Lubricated a+R Microstructure
Specimens Non-~Isothermally Sidepressed in a Mechanical Press
(¢ * 20 Sec.”1). Dpie Temperature 191 C (375 F), Dwell Time 0O Secs.,
Specimen Preheat Temperature: (a), (b), (c) 913 C (1675 F), (d),
(e), (f) 982 C (1800 F). Reductions are (a) 14 pct., (b) 54 pct.,
(c) 77 pct., (d) 21 pet., (e) 57 pct., and (f) 79 pct. (4X)
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FIGURE 19.
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Mechanical Press (€=20 Sec.“l). Preheat Temperature 913 C
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Shear Band and Crack from Section Shown in (b)

of Lubricated o+8 Microstructure Specimens Non-
Isothermally Sidepressed in a Hydraulic Press

(2~1 Sec.~l). Preheat Temperature 913 C (1675 F),
Die Temperature 191 C (375 F), Dwell Time 14 Secs.
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which takes into account heat generation and heat transfer effects. These
attempts were not successful. An alternate analytical technique, the upper-

(12) was therefore

bound-method, in which a heat transfer analysis was included,
cmployed to interpret the experimental results. Although detailed strain and
strain-rate information could not be gained from this kind of analysis, it
gave insight temperature gradients and load behaviors that could be expected.
The upper-bound analysis, which was written for axisymmetric de-
formations, was applied to the problem of simple compression of a+8 micro-
structure, Ti-6242 cylinders (measuring 7 mm (0.28 in.) diameter and 10 mm
(0.39 in.) high) deformed in either a hydraulic press (é z 1 sec._l) or a
mechanical press (E z 20 sec.-l). Analytical results showed that very large
temperature gradients are set up in hydraulic press deformations as compared
to mechanical press deformations (Figure 21). Thus, in view of the large
temperature sensitivity of the flow stress (Figure 3) and Equation (1), it
is not surprising that observed shear bands were much more severe in hydraulic
press forging (Figures 18, 20). Moreover, the generally lower temperatures
experienced during hydraulic press forging, as predicted in Figure 21,
probably explain the fracture phenomena observed in sidepressing since it has
been found that the workability of Ti-6242 drops off greatly below 816 C

(1500 F). 3
Inspection of the predicted temperature magnitudes (Figure 21)

and the flow stress dependence on temperature also explains why forging loads
were predicted (Figure 22) to be substantially higher in hydraulic press
forging, despite the slower deformation rate. This trend is similar to that
for the sidepressing results shown in Figure 17, which incidentally also show
unusual inflection points in the hydraulic press load-stroke behavior similar

to those predicted for hydraulic press non-isothermal compression in Figure 22.

Effect of Shear Bands on Service Properties

The bulk of the research in the final year of the program concentrated
on establishing the effects of shear bands in hot-forging of Ti-6242 on mechani-
cal properties in tension, creep, and fatigue. This was thought to be an
important area of investigation since others have found degradation of mechani-

cal properties resulting from the presence of shear bands. For example,
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FIGURE 22. Predicted Load-Reduction Curves for Non-Isothermal Compression Cases I,
II Hydraulic Press (¢ * 1 Sec.”1l) and Cases III,IV Mechanical Press
(¢ * 20 Sec.~1). Specimen Preheat Temperatures were 913 C (Cases I
and III) or 982 C (Cases II and IV). Dies were Assumed to be Heated
to 190 C Initially.
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Pepe has noted that shear bands developed in hydrostatic extrusion of various

ferrous, magnesium, and aluminum alloys can severely limit subsequent per-

formance under tensile loading.(14,15)

Generations of Shear Bands under
Controlled Conditions and Effect of
Heat Treatment on Shear Bands

Under this phase, 1.52 cm (0.6 in.) diameter, 7.62 em (3.0. in.) long bars

of Ti-6242 of a+B and B microstructures were forged (i.e., sidepressed) in

a mechanical press (¢ = 20 sec.-l) to determine conditions which lead to
shear banding and conditions in which shear banding is avoided. Previous
experimental work was helpful in selecting a range of forging temperatures,
die temperatures, and dwell times to obtain forged microstructures with and
without shear bands (Table 1). In addition, the just-discussed-process-
simulation results on non-isothermal forging which were completed under this
task, gave insight into the severity of the flow localizations to be expected
in hot-forged Ti-6242 samples. For example, process simulation results
suggested that raising the preheat temperature of a+Bf or B preform micro-
structure samples to just below the transus temperature (~ 988 C (1810 F))
was effective in keeping the sample temperature during forging out of the
regime in which the flow stress is most sensitive to temperature, i.e., out of
the regime in which shear banding is most severe (Figure 21).

After forging, samples were heat treated to determine the effect of
post-forging heat treatment on shear band morphology. Samples were solution-
annealed over a range of temperatures between 899 and 1010 C (1650 to 1850 F)
and then aged for 8 hours at 593 C (1100 F). The solution treatment tempera-
tures span those commonly used commercially, and the aging treatment is typical
for the Ti-6242 alloy which contains 0.1 Si. Following heat treatment, it
was found that only beta solution annealing could totally eliminate evidence
of shear bands (Table 1, Figures 23 and 24). The other heat treatments,
although not totally eliminating the shear bands, had a tendency to "diffuse"
or make less severe the localized irregularities in the microstructure caused
by the development of shear bands in hot-forging. This was especially evident

for heat treatments involving higher temperature, subtransus solution annealing.
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(a)
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FIGURE 23. Transverse Metallographic Sections of a+B8 Preform Microstructure Flat
Forgings. Preform Temperature/Die Temperature/Dwell Time were (a-e)
913 Cc/191 C/10 Secs., (f-3j) 982 C€/191 C/10 Secs., (k-o) 982 ¢/371 ¢/
0 Secs. Macrostructures (a,f,k) are As-Forged. Other Forgings were
Solution-Annealed for 1 Hour (Prior to Aging Treatment of 593 C/8
Hrs.) at (b,g,1) 899 C, (c,h,m) 954 C, (d,i,n) 979 C, (e,j,o0) 1010 C.
(3.5X)
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Transverse Metallographic Sections of B Preform Microstructure Flat
Forgings. Preform Temperature/Die Temperature/Dwell Time were (a-e)
913 C€/191 C/10 Secs., (f-j) 982 C/191 C/10 Secs., (k-o) 982 C/371 C/
0 Secs. Macrostructures (a,f,k) are As-Forged. Other forgings were
Solution-Annealed for 1 Hour (Prior to Aging Treatment of 593 C/8

Hrs.) at (b,g,1) 899 C, (¢,h,m) 954 C, (d4,1,n) 979 C, (e,j,0) 1010 C.

(3.5X)
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As a result of this work, two forging-heat treatment conditions
which led to shear bands of different severity and two which led to micro-
structures with little, if any, shear localization were selected for each
preform microstructure (Table 1). Additional flat forgings for mechanical
property characterization were then made by sidepressing 1.52 em (0.6 in.)
diameter, 7.62 cm (3.0 in.) long preforms in the mechanical press using the
various combinations of preform-preheat temperature, die temperature, and

dwell time.

Evaluation of Tensile Properties

i

The effects of shear bands on tensile properties were evaluated to
establish whether they may have deleterious effects on service performance.
These and subsequent mechanical tests were performed at 510 C (950 F) since
this is the design operating temperature of many Ti-6242 jet engine compressor
parts, which are among the main applications of the alloy.

Duplicate flat tensile specimens, each with a 1.52 cm (0.6 in.)
long, 0.64 cm (0.25 in.) wide gage section, were cut from each of two perpen-
dicular directions in the forging for each forging-heat treatment condition.

One of the directions was parallel to the preform bar axis (the nominal plane-
strain direction in sidepressing) and is denoted as the "longitudinal" (L)
direction in subsequent discussion. When loaded axially, these specimens

would develop no shear stress on shear bands which may have been introduced
during forging. The other test direction, denoted as ''transverse'" (T) in
subsequent discussion, was perpendicular to the preform bar axis and is parallel
to the long direction in the so-called transverse metallographic sections

shown in Figures 23 and 24. Under axial loading along this direction, shear
bands in the microstructure would have shear stress components imposed along
them. During tensile specimen machining, approximately 0.25 mm (0.010 in.)

was removed by milling and light mechanical polishing from each surface in
order to eliminate alpha case as well as to make the surfaces flat and parallel.
This was done, of course, for creep and fatigue specimens as well. After
machining, tensile specimens were induction heated to test temperature and
pulled in an MTS machine run at a constant crosshead speed of 0.51 cm/min.

(0.2 in./min.). Some of the specimens were pulled to failure and others
Jjust short of it.
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Tensile data (Table 2) demonstrated that the effect of shear bands
on tensile properties is quite small. This is particularly evident when com-
paring L and T (longitudinal and transverse) data for a particular condition.
First of all, it is seen that yield and ultimate strength data are comparable
for L and T tests. This is as expected even for conditions with shear bands
since defects, such as inclusions, usually have a noticeable effect only on
fracture~related properties such as elongation and reduction in area. How-
ever, even the elongation data do not show a large effect that can be at-
tributed to shear bands. The elongation values in samples with shear bands
are comparable to ones reported previously for Ti-6242 alloy forgings(16).
Furthermore, the data for samples without shear bands suggest that differences
in L and T data for samples with shear bands should be attributed to other
sources such as data scatter or microscopic mechanical fibering.

Metallography supported the conclusions. 1In no cases could shear
bands be associated in some systematic way with localized necking or fracture
(Figures 25, 26, 27). It was found that in no samples were fracture paths
found to lie along shear bands. One explanation for this mway lie in hard-
ness data taken on the mechanical property samples (Table 3). These hard-~
ness readings were taken inside and outside the gage section both in the
bulk as well as within the shear bands themselves. Although there was a
systematic variation of hardness between the shear bands and the bulk, the
data taken in the gage section were almost identical to those outside the
gage section, suggesting a minimal amount ot work-hardening. However, the
data do show a definite trend that suggests the shear bands are harder than
the surrounding bulk. This would explain perhaps why localized necks, and
hence, the fractures resulting from the necks, occur in regions not as-
sociated with shear bands or in regions in which the resolved shear stress

component is low along the shear band.

Evaluation of Creep Properties

The evaluation of the effects of shear bands on creep properties
was performed with the objective of establishing service performance charac-
teristics when this failure mode is operative. Flat creep specimens similar

to the tensile specimens were prepared from forgings and tested in air under

{Bwas o3

mp———— T S - A“.——-—{ . .
‘ -

}m . . -

r”’




46

¢ o
— é '
uofjrueTdxy walsdg Surley pueg Iesys SaFIRIFTENY 103 T I[qeL 23§ +
8 (€°0¢T) 868 (2°80T)9%L &L £/%56 0/TLE/T86 g
91 (9°8%T) SCOT (Z-0cCT)628 T €/%56 0/tLE/T86 )
L (L e€T) TTh (6°60T)0EL L £/956 OT/161/286 g
11 (€°92T) LS8 (1°Z0T)Y0L 1 £/%56 OT/T6T/286 g
9 (0°€ET) (LT6 (#°2Z01)90L L /456 OT/T6T/€T6 g
9 (T°LET) SY6 (¢ LOT)6EL T /956 OT/T6T/€T6 g
6 (L70TT) €9L (8°%L) 918 L SL T/668 OT/T6T/€T6 9
L (Z°€2T) 698 (z*H01)8TL T GL T1/668 OT/TI6T/€T6 g
91 (L°6CT) (98 (6°86) 89 L £/%56 0/TLE/T86 g+
L (I°TET) %06 (€°%1T)88L 1 €/%56 0/1LE/T86 g+0
€T (T°LTT) (08 (S°L8) €09 L £/%56 0T/161/286 g+0
€1 (y°S¢I) S98 (€°00T)Z69 T €/9S6 0T/161/286 g+40
9 (8°%2T) 098 (5°€6) S%9 L T/4S6 OT/I6T/ET6 g+0
L (8°€IT) 68L (9-88) 119 1 T/49S6 0T/T61/€16 g+0
A (v L01) 1YL (L°498) %8S L 1/668 01/161T/¢16 g+0
1T (6°€£TIT) S8L (1°06) 129 1 1/668 OT/T6T/ET6 g+0
(*30d) ((ISM)edn) ((1SA)edn) uotidaIIq +w:wumm pueg aeays /(°sO098) SWIL TTAMI  AINIINIAISOIDTH
uotieduory s1n ya8uaiag 189], /(0) *duag /(0) -dwdl 3q wi103aigd
1e30L PI®TXA aTrsuag Suyreauuy /(D) *duwel 3Jeayaag
uoylInNios :saajamered Buylaoyg

9 0TS 3® pautelqQ BiEQ ITISUSL

*¢ dTEVl

N, e e S




SR ——- 7

47

).
€3] 3

™ ..

W R BT

FIGURE 25. Tensile Axis Sections of a+8 Preform Microstruction 510 C Tensile

Samples Cut from Forgings. Forging Temperatures were (a-e) 913 C,
(f-i) 982 C; Die Temperatures were (a-g) 191 C, (h,i) 371 C; Dwell
Times were (a-g) 10 Secs., (h,1) O Secs. Solution Treatment (Prior
to Aging Treatment of 593 C/8 Hrs.) was Performed for 1 Hour at
{a-c) 899 C or (d-1i) 954 C. Tensile Axis Directions were (a,d,f,h)
Longitudinal or (b,c,e,g,1) Transverse. (3X)
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FIGURE 26. Tensile Axis Sections of B Preform Microstructure 510 C Tensile

Samples Cut from Forgings. Forging Temperatures were (a-d) 913 C,

(e-h) 982 C; Die Temperatures were (a-f) 191 C, (g,h) 371 C; Dwell

Times were (a~f) 10 Secs., (g,h) 0 Secs. Solution Treatment (Prior
to Aging Treatment of 593 C/8 Hrs.) was Performed for 1 Hour at

(a,b) 899 C or (c-h) 954 C. Tensile Axis Directions were (a,c,e,g)
Longitudinal or (b,d,f,h) Transverse. (3X)
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Tensile
Axis

Micrograph at Fracture of Transverse 510 C Tensile Sample Showing
Fracture Path and Shear Band. Sample was Cut from a+8 Micro-
structure Forging (Preheat Temperature 913 C, Die Temperature

191 C, Dwell Time 10 Secs.) which had been Solution Treated at
899 C for 1 Hour and Aged at 593 C for 8 Hours. (100X)
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constant load conditionms (constant nominal stress) ir a resistance furnace.
Creep curveé (Figures 28 and 29) and rupture life data (Table 4) were obtained
at 510 C (950 F) using standard techniques.

Creep data on samples with shear bands demonstrated that creep per-
formance can be definitely affected deleteriously. Inspection of the data
shows that the effects of L vs. T loading are noticeable in creep rates and
rupture lives, with T properties being poorer. The total magnitude of the
effect, however, is not realized until the data for samples without shear
bands are also examined. In these data, L properties are inferior to T
properties, suggesting other mechanical texturing effects. Therefore,
without these additional mechanical texturing effects, data for the samples
with shear bands might have been expected to show even greater divergence
in L vs. T properties.

The source of the effect of shear bands on creep properties was
not evident from metallographic observations (Figures 39, 31, 32). As with
the tensile data, in T samples with shear bands, the fracture path was not
found to lie along the shear bands. The only other possible explanation for
the observations thus must lie with some microscopic process such as enhanced
diffusion along shear bands, diffusion which may be further increased by the
action of imposed shear stresses (in T specimens) in creep. This would
explain the increased creep rates as well as perhaps the shorter rupture
lives of T samples containing shear bands. This hypothesis needs to be
Justified with further research though.

Evaluation of Fatigue Properties

The evaluation of the effects of shear bands on fatigue properties
was performed with the objective of establishing service performance charac-~
teristics when this failure mode is operative. Flat fatigue specimens similar
to the tensile and creep specimens were prepared from forgings and tested in
air in load-control, tens’ n-tension fatigue in an MTS machine at 510 C
(950 F). 1Initially, strain-controlled fatigue tests were planned, but when
it was found that the alloy shows negligible cyclic hardening or softening
at 510 ¢ (950 F), 17

these would not require special devices to prevent buckling. The actual

it was decided to perform load-control tests because
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(a)

(b)

FIGURE 30. Creep Axis Sections of a+f Preform Microstructure 510 C
Creep Samples Cut from Forgings. (Nominal Creep Stress:
552 MPa (80 KSI)). Forging Temperatures were (a-e) 913 C,
(f,g) 982 C; Die Temperatures were (a-e) 191 C, (f,g)
371 C; Dwell Times were (a-e) 10 Secs., (f,g) O Secs.
Solution Treatment (Prior to Aging Treatment of 593 C/8
Hrs.) was Performed for 1 Hour at (a,b) 899 C or (c-g)
954 C. Creep Axis Directions were (a,c,f) Longitudinal
or (b,d,e,g) Transverse. (3X)
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FIGURE 31. Creep Axis Sections of B Preform Microstructure 510 C Creep

Samples Cut from Forgings (Nominal Creep Stress: (a,b,h,1)

517 MPa (75 KSI), (c-g,j,k) 552 MPa (80 KSI)). Forging
Temperatures were (a-g) 913 C, (h-k) 982 C; Die Temperatures
were (a-g) 191 ¢, (h-k) 371 C; Dwell Times were (a-g) 10 Secs.,
(h-k) O Secs. Solution Treatment (Prior to Aging Treatment of
593 C/8 Hrs.) was Performed for 1 Hour at (a-d) 899 C or (e-k)
954 C. Creep Axis Directions were (a,c,e,h,j) Longitudinal or
(b,d,f,g,1,k) Transverse. (3X)
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Micrograph at Fracture of Transverse 510 C Creep Sample
(Creep Stress = 379 MPa (55 KSI)) Showing Fracture Path
and Shear Band. Sample was Cut from a+8 Microstructure
Forging (Preheat Temperature 913 C, Die Temperature 191C,
Dwell Time 10 Secs.) which had been Solution Treated at
899 C for 1 Hour and Aged at 593 C for 8 Hours. (100X)

FIGURE 32.
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fatigue tests were run using induction heating with an R value (ratio of
minimum to maximum stress) of +0.1 and and cyclic frequency of 5 Hz.

Fatigue data (Table 5) established no clear-cut effect of shear
bands on fatigue lives. Although the L lives were usually longer than
the T lives in samples with shear bands, the difference was small and must
be considered to be due to the data scatter inherent in fatigue testing.
Also in support of this conclusion, is the fact that samples without shear
bands showed data scatter as well and no pattern of L properties being
either better or worse than T properties. Furthermore, metallography
demonstrated that neither fracture initiation sites nor fracture paths
could be associated with shear bands (Figures 33 and 34).

One plausible explanation of the lack of an effect of shear bands
may be that the shear bands are harder than the bulk (Table 3) and that it
is thus easier to initiate and propagate a crack in the bulk. If this were
the case, L and T properties in samples with shear bands would be both rep-
resentative of bulk properties, especially since the tests were run in load
control. It is conceivable that the results would be different if fatigue
testing were done in strain control since T samples with shear bands might

have shorter effective gage lengths because of the hardness effect.
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Fatigue Axis Sections of a+8 Preform Microstructure 510 C
Fatigue Samples Cut from Forgings (Fatigue Stress: 483 MPa
(70 KSI)). Forging Temperatures were (a-d) 913 C, (e,f)

982 C; Die Temperatures were (a-d) 191 C, (e,f) 371 C; Dwell
Times were (a-d) 10 Secs., (e,f) O Secs. Solution Treatment
(Prior to Aging Treatment of 593 C/8 Hrs.) was Performed for
1 Hour at (a,b) 899 C or (c-f) 954 C. Fatigue Axis Di-
rections were (a,c,e) Longitudinal or (b,d,f) Transverse.

FIGURE 33.
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FIGURE 34. Fatigue Axis Sections of B Preform Microstructure 510 C
Fatigue Samples Cut from Forgings (Fatigue Stress: 483 MPa
(70 KSI)). Forging Temperatures were (a-d) 913 C, (e,f)
982 C; Die Temperatures were (a-d) 191 C, (e,f) 371 C;
Dwell Times were (a-d) 10 Secs., (e,f) 0 Secs. Solution
Treatment (Prior to Aging Treatment of 593 C/8 Hrs.) was
performed for 1 Hour at (a,b) 899 C or (c-f) 954 C.
Fatigue Axis Directions were (a,c,e) Longitudinal or
(b,d,f) Transverse. (3X)
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CONCLUSIONS

The results of this program provide a unique understanding of
required practices and precision attainable without the occurrence of shear
band defects for isothermal forging (typically done in "show'" hydraulic
presses) and conventional forging (done in mechanical and hydraulic presses).
In isothermal forging, low working speed is beneficial from the viewpoints of
lower working loads, the generally higher strain-rate sensitivity of materials
hot worked at low strain rates, and the minimization of deforma_ion-induced
heating and thermal softening. It has been demonstrated that large rate
sensitivities and small levels of flow softening both counteract the tendency
to form shear bands under nomina”ly isothermal conditions. In non-isothermal
forging, it has been shown that heat transfer can have a significant effect
on forgeability. This 1is important since large amounts of heat transfer can
lead to working at temperatures at which the material has inherently low
workability. 1In addition, large temperature gradients across the workpiece
may be developed. These gradients may lead to large deformation gradients
and hence, shear bands in materials with flow stresses which are heavily
termperature dependent, such as titanium alloys. It is significant to note
that near-net shape or precision forging of titanium alloy parts is normally
only done conventionally in mechanical presses or isothermally in hydraulic
presses. Further development of the presented simulation capabilities for
use on other forging geometries could provide a quantitative basis for deter-
mining the necessary conditions (including required die temperatures) for
forging shapes in mechanical and hydraulic presses in order to minimize loads
and avoid defects. This technical inmput would be critical for producing
acceptable quality forgings at the lowest possible cost.

This program has also established the effect of shear bands on
service properties for Ti-6242 forgings. Although the effect is small or
negligible for tensile and fatigue loadings, creep properties may be notice-
ably degraded by shear bands. Mechanisms by which this degradation occurs
have been suggested, but further research is needed to verify them.
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Personnel at AFWAL (A. M. Adair and H. Gegel) have been kept

aware of progress on the present project. They have been receiving preprints

of the papers resulting from the program. In addition, the results have

been presented at the Processing Science Program Workshops (July, 1980,
August, 1981), at which various AFWAL, University, and industrial people

were in attendance. Several presentations on project results have also been

given at AFWAL. These project reviews met with favorable reaction from
AFWAL personnel.

The engineers who worked on this project (S. L. Semiatin and

G. D. Lahoti) have also worked closely together on the Dual Property Disk

Program, and the results of the two projects have been coupled to enhance

the significance of each program.
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